The actin cytoskeleton association is required for caspase 8-independent Fas/CD95 receptor internalization, a critical step for an optimal death-inducing signaling complex formation along the endocytic pathway, leading to efficient activation of the caspase cascade and, ultimately, cell death. However, the way in which this initiation phase of Fas receptor signaling is regulated is still unknown. We report herein that, in B cells, upon Fas engagement, the tyrosine phosphatase SHP-1-regulated Vav dephosphorylation, by downmodulating the Fas-ezrin-actin linkage is a fine-tune switch-off mechanism that the cell uses as a way to terminate the receptor internalization, controlling therefore the time and extent of the DISC formation and cell death.
1
This receptor-ligand system is particularly important for the maintenance of lymphocyte homeostasis. Upon engagement by FasL, Fas rapidly recruits the adapter molecule FADD and caspase 8 proenzyme, via homologous death domain and death effector domain (DED) interactions, forming the deathinducing signaling complex (DISC). This leads to caspase activation and ultimately apoptosis. 2, 3 Despite the wealth of information on events downstream of DISC formation, little is known about the events necessary to generate and regulate the early formation of this complex.
During recent years, several studies were carried out to dissect the molecular mechanisms that govern the fate of Fas receptors at the cell surface upon FasL engagement before DISC formation. Two main features were determined: (i) the importance of Fas association (both constitutive and induced by FasL) with membrane microdomains or rafts; [4] [5] [6] (ii) a clathrin-dependent internalization of the receptor as an additional requirement for Fas-mediated cell death. 7, 8 Very recently, a molecular link between these two requirements was identified: We showed that post-translational modification of Fas by palmitoylation is a key step in the targeting of the receptor to the membrane microdomains. This event allows the indispensable connection between Fas and the actin cytoskeleton to occurs, via the association of Fas with ezrin upon FasL engagement. 9 Importantly, we demonstrated that this association is critical for the caspase 8-independent receptor internalization, which we propose to be indispensable for the intracellular amplification of Fas signaling brought about by extensive DISC formation leading to efficient activation of the caspase cascade and, ultimately, cell death. 9 Nevertheless, while Fas internalization within the rafts appears essential for Fas-mediated cell death, the precise mechanism regulating this process is still largely unknown. The interaction between FasL and Fas plays an essential role in the control of T-and B-cell activity and maintenance of immunological tolerance. Lack of function mutations in the Fas receptor (e.g., in lpr mice or in humans with autoimmune lymphoproliferative syndrome) or FasL (gld mice) can be associated with immune dysfunction. These include autoantibody production, accumulation of lymphoid cells displaying an activated phenotype leading to lymphadenopathy and splenomegaly, and increased development of B lymphomas. 10 Recently, it was shown that the SH2-containing PTP1 (SHP-1) protein, one of the most important negative regulators of B-cell activation, was associated with DRs of the TNFSFR, including Fas. 11 However, the precise function of this phosphatase in the Fas-mediated cell death pathway is still unknown. SHP-1 is expressed primarily in hematopoietic cells and usually functions as a negative regulator, dephosphorylating certain molecules involved in the early signal transduction. 12 Studies of B cells from SHP-1-deficient motheaten mice have shown that SHP-1 plays an important role in B-cell differentiation, proliferation and survival. 13 In the context of cell death signaling regulation, both positive and negative effects of SHP-1 have been reported, 14, 15 and apart from a single report claiming that the association of Fas with SHP-1 is involved in the downregulation of the IL-3 receptor-mediated survival signal in neutrophils, 11 no corresponding molecular events have thus far been delineated.
Several SHP-1 substrates have been identified, including CD72, Syc, BLN, SLP-76, lck, jak3 and Vav1. 16 Vav1 dephosphorylation by SHP-1 is reported to be critical in the inhibition of natural killer cell cytotoxicity due to its ability to block the actin-dependent activation signal. 17 In addition, both actin 18 and myosin 19 have been identified as direct SHP-1 substrates in B cells. Cells transfected with a catalytically inactive form of SHP-1 displayed more prolonged actin polymerization.
Vav1, a member of the Dbl superfamily of Rho/Rac guanine nucleotide exchange factors that is mainly expressed in the hematopoietic lineage, is well known as a central regulator of actin cytoskeletal rearrangements during cell activation. 20 Both the guanine nucleotide exchange factor activity and the adaptor functions of Vav are tightly regulated by tyrosine phosphorylation of the protein. 21 Conflicting reports have described both activation and inhibition of cell death by Vav. 22, 23 However, very little data on the functions of Vav in Fas-mediated signaling are available, except a report describing a higher level of Vav tyrosine phosphorylation in the Fas-deficient MRL/Mp-lpr/lpr mice. 24 The importance of cytoskeletal rearrangement in Fasmediated cell death is well known, while DISC formation is dependent on actin filaments. 25, 26 However, the way in which this initiation phase of Fas receptor signaling is regulated has remained unknown. Here, we report that SHP-1 blocks the actin-dependent activation signal through the regulation of the Vav protein dephosphorylation, thereby inhibiting Fas internalization and subsequent DISC formation and cell death signaling.
Results
The absence of SHP-1 increases Fas-induced cell death. SHP-1 has been described either as a positive or a negative regulator of different cell death pathways. Its role in Fas-mediated cell death is rather controversial. Whereas the SHP-1-Fas association has been reported to elicit an inhibitory effect on the IL-3-mediated survival pathway, without any direct role in Fas-induced cell death, 11 the interaction of SHP-1 with other non-apoptotic receptors has been demonstrated to act as an immediate regulator of Fasmediated cell death.
14 To analyze the role of SHP-1 in Fas signaling, we established A20 mouse B cells stably expressing SHP-1 shRNAi, in which expression of SHP-1 was efficiently inhibited when compared to cells expressing control shRNAi. The expression of Fas receptor at the cell surface remained unaffected (Figure 1a) . We next compared the sensitivity of these cells to FasL-induced cell death. The SHP-1 shRNAi A20 cells exhibited a more rapid and efficient Fas-mediated cell death compared to the A20 cells expressing control shRNAi (Figure 1b) . The same result was obtained when cell death was triggered by rhFasL or by coculture with membrane-bound FasL-expressing cells (data not shown). Importantly, SHP-1 silencing strongly increased the intensity of cell death using lower dose of JO2 (Figure 1c) , and UV-induced cell death was unaffected by the absence of SHP-1 (Figure 1d ). Consistent with the increased cell death, higher levels of the cleaved fragments of caspases 8 and 9 and of the poly(ADP)-ribose polymerase (PARP) were detected after Fas triggering in the absence of SHP-1 (Figure 1e ). In conclusion, these observations show that SHP-1 has a considerable inhibitory function in Fasinduced cell death in B cells.
SHP-1 constitutive association to Fas negatively regulates the DISC formation. The association of SHP-1 with Fas has been reported for neutrophils. 11 We investigate this association in B cells. By immunoprecipitation, we demonstrate that SHP-1 is constitutively associated with Fas (i.e., before any FasL engagement). Interestingly, this association was reduced after 10 min of activation with FasL, at which point the strong recruitment of FADD and caspase 8 to Fas occurred. It should also be noted that the association of SHP-1 with Fas reappeared again after 30 min of activation ( Figure 2 ). This result suggests the dynamic association of SHP-1 in the DISC formation. Indeed, we found that both FADD and caspase 8 were recruited to the Fas receptor at a significantly higher level in SHP-1 shRNAi cells than in the control shRNAi cells (Figure 2) .
Since in the absence of SHP-1, a more intensive DISC formation was observed, we propose that the dissociation of SHP-1 from Fas upon its engagement is required for proper DISC formation.
The tyrosine phosphorylation of Vav is reduced upon Fas activation in an SHP-1-dependent manner. Since SHP-1 is a tyrosine phosphatase, we hypothesized that its inhibitory role in Fas-mediated signaling was connected to its phosphatase activity. We therefore investigated the protein tyrosine phosphorylation pattern following Fas stimulation in the presence or absence of SHP-1. Immunoprecipitation with an anti-p-Tyr antibody (Ab) was carried out after FasL stimulation, and western blotting with an anti-p-Tyr Ab revealed some overphosphorylated proteins in SHP-1-silenced cells with molecular masses of B150, B100, B70, B52 and B42 kDa, which were non-phosphorylated or underphosphorylated in the presence of SHP-1 ( Figure 3a) . These results indicate that, upon Fas stimulation, both kinases and phosphatases play complementary roles, tightly regulating the balance of phosphorylation, and SHP-1 is one of the main actors. 22 In particular, phosphorylation of Vav proteins on several tyrosine residues has been reported. 27 We hypothesized that the 95 kDa guanine nucleotide exchange factor Vav might correspond to the dephosphorylated protein of around 100 kDa, since it has been reported to be an SHP-1 substrate critical in the downregulation of NK cell killing. 17 We therefore analyzed the phosphorylation state of Vav ( Figure 3b ). Our results demonstrate a high constitutive phosphorylation of Vav, in accordance with data obtained from different B lymphocytes. 22 Moreover, we observed a partial dephosphorylation of Vav following FasL stimulation, suggesting a role of this exchange factor in Fas-induced Further studies revealed that while reducing the amount of Vav induced more extensive cell death upon Fas activation, co-silencing of Vav with SHP-1 had no additive effect (Figure 4a ), supporting the hypothesis that SHP-1 and Vav act in the same signaling pathway, downregulating DISCinduced death signaling.
In the presence of SHP-1, overexpression of the Vav protein slightly inhibited Fas-induced cell death (Figure 4b) . Indeed, the overexpression of Vav was sufficient to replace the death inhibitory effect of the SHP-1 phosphatase activity and restoring the cell death level of the SHP-1-deficient cells to that of the control cells.
To confirm the crucial role of Vav in Fas-mediated cell death in primary cells, we isolated spleen B cells from control and Vav-knockout mice and compared their sensitivity to Fasinduced cell death upon FasL stimulation. As resting B cells express very low levels of Fas, we preinjected the mice with FITC-BSA 1 week before B lymphocyte isolation. Importantly, whereas no difference in the level of Fas expression at the cell surface of control and Vav-knockout B cells could be detected (data not shown), Fas-induced cell death was significantly increased in the absence of Vav, in accordance with the results obtained with the silenced cell line (Figure 4c ).
SHP-1 influences Fas-induced cell death by modulating
Fas-actin cytoskeleton connection. Since Vav proteins are involved in regulating cytoskeletal dynamics in response to extracellular stimuli 20, 28 and an intact actin cytoskeleton is required for DISC formation, 9, 25 we hypothesized that the regulatory effect of SHP-1 could be executed through the regulation of cytoskeletal rearrangements. We therefore compared the kinetics of Fas-induced cell death in the presence of latrunculin A (LtnA), an inhibitor of actin polymerization reported to abrogate Fas-mediated cell death, 9 in the absence (SHP-1 shRNAi) or presence of SHP-1 (control shRNAi). We observed that to obtain a comparable cell death inhibition in both cell lines, a five-fold greater concentration of LtnA is required when SHP-1 was absent from the cells (Figure 5a ), suggesting that SHP-1 is an important negative regulator of the cytoskeletal rearrangements occurring during Fas-mediated signaling.
We next quantitatively examine Fas internalization, a process tightly regulated by cytoskeletal rearrangements, lying upstream of the DISC formation and indispensable for its proper formation. 8, 9 We synchronized Fas activation by incubating SHP-1 shRNAi and control shRNAi cells at 41C with rhFasL-Flag cross-linked with mouse anti-Flag Ab before raising the temperature (371C). The amount of Fas remaining on the cell surface, representing the uninternalized Fas, was then quantified. We observed an increase in Fas internalization in the absence of SHP-1, indicating that SHP-1 is involved in negatively regulating Fas receptor internalization upon engagement by its ligand (Figure 5b) .
To confirm that the downregulatory effect of SHP-1 is executed through the control of cytoskeleton rearrangements, the ability of Fas to bind to actin in control and SHP-1-silenced cells was examined. In control cells, a binding of actin to Fas was detected upon 10 min of FasL stimulation, whereas this association completely disappears after 30 min of activation (Figure 5c ). In contrast, both a more intensive (at 10 min) and prolonged (at 30 min) actin/Fas connection was detected in SHP-1-silenced cells (Figure 5c ), leading to the conclusion that the regulation of the Fas-actin complex formation was dependent on SHP-1.
Taken together, these data suggest that upon FasL engagement, the Fas-SHP-1 dissociation regulates the DISC formation, and therefore the Fas-mediated cell death through the regulation of Fas-actin connection.
Our results identifying Vav as a crucial actor in the SHP-1-mediated Fas signaling (Figures 3 and 4) , together with both the well-known role of Vav in cytoskeletal rearrangement, and its ability to interact with actin, 29 led us to investigate the potential modulatory function of the Vav-actin connection upon Fas engagement. Immunoprecipitation by anti-actin Ab revealed a constitutive Vav-actin association that nearly completely disappeared at 10 min after FasL stimulation, before becoming detectable again later (30 min) (Figure 5d ). It must be noted that the kinetics of Vav-actin association, We first compared the ezrin-Fas interaction in the presence or in the absence of SHP-1. In control cells, the connection was barely detectable upon 10 min activation and weakly detectable after 30 min (Figure 6a) . In total contrast, in SHP-1-silenced cells, a strong binding between Fas and ezrin was detectable as early as 10 min after activation, whereas a consequent decrease of association was already visible 30 min after activation (Figure 6a) . To confirm the possibility that Vav and ezrin compete for actin binding, after 30 min of Fas activation, we compared the amount of actin co-immunoprecipitated by anti-Vav Ab in control cells or in cells overexpressing ezrin. Nearly no actin could be found associated to Vav in cells overexpressing ezrin, demonstrating that an increasing amount of ezrin is able to compete with Vav for its actin binding (Figure 6b) .
Based on the observation that the association of ezrin with Fas was increased in the absence of SHP-1 (Figure 6a) , we hypothesized that overexpression of ezrin may have a similar functional effect as SHP-1 silencing. We therefore investigated Fas-induced cell death in cells transiently transfected with ezrin cDNA. We found that this is indeed the case since ezrin overexpression led to more extensive cell death in shRNAi control cells (Figure 6c) . Interestingly, this increase was not detectable in SHP-1 shRNAi cells, where a decreased Vav-actin connection was responsible of cell death enhancement. The lack of additive effect between both situations (ezrin overexpression and SHP-1 silencing) reinforces the idea that they both act at the same functional level. All together, our data provide evidence that the SHP-1-mediated pathway negatively regulates the connection between Fas and the cytoskeleton through Fas-actin interaction therefore modulating receptor internalization and subsequently DISC formation and cell death.
Discussion
Expression of a chimeric protein comprised of the Fas extracellular domain and the FADD DED in lymphocytes of Fas-deficient MRL-lpr/lpr mice completely diminishes their T cell but not their B-cell abnormalities, suggesting that, whereas FADD might be sufficient for initiation of Fas signaling in primary T cells, other essential pathways might operate in B lymphocytes. 30 Although several Fas-associated proteins have been identified, we specifically focused our interest on one of them, the SHP-1 tyrosine phosphatase, for which no functional involvement in Fas-mediated signaling was reported. Our results strongly indicate that silencing of SHP-1 can enhance Fas-mediated cell death through an enhancement of DISC formation. More importantly, the increased association of FADD and caspase 8 with Fas in the absence of this phosphatase indicates that the action of SHP-1 lies upstream of DISC formation. Inhibition of Fasmediated cell death was originally reported for lymphoid cells derived from the SHP-1-negative motheaten mice. 31 Nevertheless, this study did not examine Fas-mediated cell death in B cells upon antigen activation, a condition necessary for their sensitivity to this pathway, as it allows a significant increase in Fas expression on the cell surface. The involvement of SHP-1 in Fas-mediated cell death is also controversial in T cells: whereas Su et al. reported a positive role of SHP-1, others were not able to detect any difference. 32 Our results suggest that, at least in B cells, SHP-1 has a critical negative role in Fas-mediated cell death.
The great importance of the actin cytoskeleton in the clathrin-dependent internalization of the receptor is now clearly established. [7] [8] [9] Having identified both a constitutive pre-ligand Fas/SHP-1 interaction and an inhibitory function of SHP-1 at the level or upstream of DISC formation, we hypothesized that this protein might play a role in the regulation of the actin cytoskeletal rearrangements occurring after FasL engagement. We show a crucial negative role of SHP-1 in the regulation of the Fas-mediated cytoskeletal rearrangement, since the internalization of Fas was accelerated when the phosphatase was absent and that the inhibitory effect of LntA on cell death was significantly reduced, in SHP-1 shRNAi cells. We compared the Fas-ezrin association in control shRNAi and SHP-1 shRNAi cells and observed that the association was greater in the absence of SHP-1, indicating that the mechanisms by which SHP-1 regulates the DISC formation depend of actin cytoskeletal rearrangements.
Vav is a well-known substrate of SHP-1, which regulates cell death signaling. 17 We showed that Vav phosphorylation is negatively regulated upon FasL engagement and that this process partially depends on the presence of SHP-1. It is well documented that functions of Vav are tightly regulated by its tyrosine phosphorylation. 21 The dephosphorylation of Vav suggesting a regulatory role of this Rho GTPase in Fas-mediated cell death, we investigated the effect of Vav silencing on Fas-induced signaling. We show that Fas-induced cell death increased with the decrease in the In the absence of SHP-1, the molecular interactions associated to stage 2 are missing and the interactions found at this step of activation are qualitatively equivalent to the ones found in stage 1 and quantitatively exacerbated, explaining a more pronounced Fas internalization and cell death. Our data provide evidence that Fas-induced cell death and DISC formation is tightly regulated by SHP-1. Upon Fas engagement, the SHP-1-driven Vav dephosphorylation, by downmodulating the Fas-ezrin-actin linkage, is a fine-tune switch-off mechanism that the cell uses as a way to terminate the receptor internalization, controlling therefore the time and extent of the DISC formation and cell death (Figure 7 ). 
